Outcrossing rates were investigated in 20 populations of Phlox drummondii using polymorphic allozyme loci. The analysis of progeny genotype arrays gave outcrossing estimates which varied from t =069 to 101; the mean was 086.
INTRODUCTION
Because seeds are usually dispersed within a few canopy diameters of their maternal parent (Levin and Kerster, 1974; Levin, 1981) , related plants tend to be near each other rather than being randomly distributed. Since crosses in nature tend to be among nearby plants (Levin and Kerster, 1974; Handel, 1983) , inbreeding is likely to ensue even if plants are self-incompatible.
The mating structure of animal-pollinated plant populations homogenizes gene poois more when the density of conspecific plants is low than when it is high, because pollinators move greater distances between plants ( Levin and Kerster, 1974; Handel, 1983) . Accordingly, the relatedness of neighbouring plants is likely to be higher in high density populations than those of low density, all else being equal. Given that crosses tend to be among neighbouring plants (Levin and Kerster, 1974 ), it follows that the level of random outcrossing is likely to be negatively correlated with density, because the higher the incidence of crossing between relatives the lower is the level of random outcrossing.
The purpose of this study was to test the hypothesis that the level of random outcrossing is an inverse function of plant density within the between populations. The study organism was Phlox drummondii. In this species, plant relatedness tends to decline as the distance between plants increases, as indicated by positive correlations between interplant distance and (i) the viability of developing seeds (Levin, 1984) and (ii) pollenpistil compatibility (Levin, 1989) .
METHODS

Study organism
Phlox drummondii Hook, is one of the most conspicuous elements of the spring flora of central Texas, where it commonly forms discrete populations of dozens to several thousands of individuals along roadsides and in fields. The species flowers from March until June.
Phlox drummondii is self-incompatible and is pollinated by a variety of lepidopterans, including Battus philenor and other large swallowtails (Papilionidae) , hawkmoths (Sphingidae), skippers (Hesperidae), and sulphurs (Pieridae). There are three ovules per flower, which typically yield Ca. 2•25 seeds per capsule. Pollen and seeds tend to be distributed narrowly in space (Levin, 1981 (Levin, , 1983 ). The species is weakly self-fertile in the greenhouse (Levin, 1985) , and pollinations with mixtures of cross and self pollen (1: 1) yield almost exclusively cross progeny. Thus the species has a strong penchant for outbreeding. From early May, seeds were collected twice a week from one plant in each of the thinned plots and from a designated plant in the centre of each of the unmanipulated plots. Seed collection continued until the plants senesced in early June.
Electrophoresis
Seedlings were crushed in a 3 ml disposable plastic beaker in three drops of extraction buffer (Heywood, 1980) . The homogenate was then absorbed onto 2 x 4 mm paper wicks and subjected to horizontal starch gel electrophoresis. Four enzyme loci known to be polymorphic in P. drummondii were chosen for analysis: alcohol dehydrogenase (ADH), glutamate oxaloacetate transaminase (GOT-2), phosphoglucose isomerase (PGI-2), and phosphoglucomutase (PGM-2). Designations for loci and alleles follow Levin (1978) . The mode of inheritance of polymorphoric enzyme loci in P.
drummondii was established by Levin (1978) . Two types of buffer systems were used. The enzymes run on each system and the staining references are:
(1) LiOH discontinuous buffer, gel modified to pH 85, electrode modified to pH 78, PGI and GOT (Leverich, 1977) , ADH and PGM (Heywood, 1980) ; (2) Tris-EDTA-Borate continuous buffer, ADH and PGM (Heywood, 1980) .
Twelve progeny were examined for most families. The minimum number of progeny per family was eight.
Outcrossing estimation The frequency of alleles in the pollen pool and the level of outcrossing (t) were estimated by the method of Clegg et aL (1978) . From an initial estimate of pollen pool frequencies and the rate of outcrossing, this method infers the maternal genotype for each progeny array. It then estimates jointly the pollen allele frequencies and rate of outcrossing with a maximum likelihood procedure.
The new estimates of pollen allele frequencies and outcrossing rates are once again used to infer maternal genotypes. This process is repeated until the maternal genotypes, pollen allele frequencies and outcrossing rates do not change with further iteration. Estimates of random outcrossing are based on the mixed-mating model (Fyfe and Bailey, 1951; Shaw et a!., 1981) which assumes that (a) each viable offspring results from a random outcross (with probability t) or a self-fertilization (s = 1 -t), (b) allele frequencies in the pollen pool are homogeneous among egg parents, (c) the probability of outcrossing is independent of maternal plant genotype, and (d) no selection occurs between fertilization and the census of seed progenies.
Heterogeneity of outcrossing rates between populations and loci, and deviations of outcrossing rates from 10 were investigated using the likelihood ratio test (Rao, 1973) , calculated as described in Yeh and Morgan (1987) . To test whether there was heterogeneity in the pollen pool allele frequencies among maternal plants, the number of heterozygous progeny among homozygous mothers of the same genotype was compared with a likelihood-ratio contingency test, or G-test (Sokal and Rohlf, 1981) . When sample sizes permitted, G values and degrees of freedom for all homozygous genotypes at a locus were pooled. Goodnessof-fit likelihood ratio tests were performed on allele frequencies in the estimated pollen pool to determine if the effective pollen pool was a random sample of the maternal plants.
Equilibrium inbreeding coefficients, Fe =
(1-t)/(1 + t) were calculated for the outcrossing estimates of each locus in each population (Fyfe and Bailey, 1951) . These values were compared with Wright's (1951) fixation index (F1). F1 and Fe are expected to be equal if all Hardy-Weinberg assumptions are met and if the genotype frequencies are determined only by the mating system (Hedrick, 1983) . Departures from random mating were analysed using the methods of Weir and Cockerham (1984) , and Workman and Niswander (1970) , as implemented in the computer program GENESTATS (Black and Krafsur, 1985) . Chisquare statistics are as described therein.
RESULTS
Geographic Survey
Three of the populations were variable at four loci, two were variable at three loci, four at two, and eleven populations at one locus. Two alleles were present at each polymorphic locus. Frequencies of the common allele in the maternal plants and in the pollen pool are presented for each population in table 1. Heterogeneity chi-square tests comparing maternal and estimated pollen pool allele frequencies indicated that in all cases the pollen pool is a random sample of the adult alleles.
Evidence to the contrary would violate the assumption of neutrality in the mixed-mating model, and thus introduce another source of variation in the outcrossing estimates (Clegg, 1980) . The estimates of effective outcrossing rate vary considerably across the range of the species. Estimates range from 069 to 101, with an overall mean of 086 (table 2) . Despite the wide range of outcrossing rate estimates, they do form a homogenous set (G=25.35, 36df). Similarly, there is no evidence of significant heterogeneity among the estimates for different loci in any of the nine populations with multiple single-locus estimates. The estimated outcrossing rate differs significantly from random mating in 13 populations (table 2) .
Outcrossing rates tend to be an inverse function of plant density ( fig. 1 ). The significance of this trend was investigated via linear regression (table  3 ). The overall model is not significant at the 5 per cent level, but it is significant at the 54 per cent the differences in the magnitude of the values in the two generations, they are significantly correlated (Spearman r = 0366, P = 0.026).
The adult generation shows a consistently higher proportion of homozygotes than the progeny. The mean F1 value of the adult generation is 0•352, which is about three times that in the progeny (0.128; table 4).
A comparison of the progeny fixation index with Fe indicates that none of the populations deviate significantly from mating system equilibrium. However, the adult fixation index is much greater than Fe. The overall level of homozygote excess due to the mating system, Fe=0074, is approximately what was predicted based on seed and pollen dispersal patterns and proximitydependent seed abortion (Levin, 1984, F=O.1O) .
Density manipulation experiment
Density manipulation had a significant effect on outcrossing rates in the experimental plots at Elgin.
The outcrossing rates in the unmanipulated plots were 0882, 0904, and 0919. The mean was 0902. In contrast, the outerossing rates for the thinned plots were 0998, 1026, and 1044. The mean was 1019. A t-test of the difference between the plots was statistically significant (i = 542, df= 4).
The fixation index in the progeny was less in the thinned subpopulations ( = 0.036) than the unmanipulated ones (t =0.102). The rate of outcrossing in P. drummondii is inversely correlated with density throughout its range, but not significantly so. In the experimental population at Elgin, outcrossing rates were higher in the thinned plots than in the untreated ones. Density-dependent outcrossing is expected, because Phlox pollinators move greater distances as plant density declines, which results in the crossing of more distant and ostensibly less related plants (Levin, 1981) . The relationship between outcrossing rates and density was more pronounced among Elgin subpopulations than among populations sampled throughout the species' range. This undoubtedly results from there being less variation in other factors affecting the mating system among the Elgin subpopulations than among the collection of populations.
The relationship between outcrossing and density in wild cross-breeding P drummondii is the converse of that in garden populations of partially self-fertilizing P. drummondii cultivars (Levin, unpublished) . The deviation from random mating in the cultivar populations is due exclusively to self-fertilization. The greater the distance between plants the lower was the level of pollinator visitation and the greater the level of self-fertilization.
These findings are in accord with those of Bateman (1956) on Cheiranthus cheiri, There have been several reports of densitydependent outcrossing. The relationship between density and outcrossing follows that in Phlox, and has to do with the breeding system of the species.
There is a negative correlation between plant density and outcrossing rate in the self-incompatible Helianthus annuus (Ellstrand et a!., 1978) , whereas in self-compatible plants, a decrease in density often is accompanied by a decrease in outcrossing rates (Farris and Mitton, 1984; Dommee etaL, 1978; Bateman, 1947 Bateman, , 1956 Fowler, 1964; Marshall and Abbott, 1982; Burdon et al., 1988; Vaquero et aL, 1989) . We are aware of only one other comparison of outcrossing rates in adjacent thinned and unmanipulated populations. Neale and Adams (1985) found higher outcrossing rates in thinned Douglas-fir stands, but the differences were not (Horovitz and Harding, 1972) , Echium plantagineum (Burdon et a!., 1988) and Pseudotsuga menziesii (El-Kassaby and Ritland, 1986) and Senecio vulgaris (Marshall and Abbott, 1982) , all of which are self-compatible but predominantly outcrossing. In all cases outcrossing rates tended to be lower early in the season. This is to be expected in self-compatible species, because widely spaced plants are apt to get less cross pollen than closely spaced plants, be they animal-or wind-pollinated (Levin and Kerster, 1974) . Pollinator activity is likely to be a positive function of plant density (Levin and Kerster, 1974; Handel, 1983 ).
The density of Phlox plants varies from one part of a population to another, and is lower at the periphery. Given the relationship between density and outcrossing, we expect outcrossing rates to be higher in sparse patches and near the periphery than in dense patches. The periphery was not represented in the present study.
The outcrossing rates in P. drummondii and in other cross-breeding annuals are not populationspecific constants. Rather, they are expected to change from year to year in accordance with plant density, if populations have genetic substructure. In partial selfers, genetic substructure would not be a prerequisite for density-dependent outcrossing. In perennials, outcrossing rates are expected to change in response to changes in the density of flowering individuals, if populations have genetic substructure or if they are partially self-fertilizing.
In P. drummondii the fixation index in the adult population consistently was higher than in the progeny. This is contrary to the norm for crossfertilizing species (Brown, 1979; Yazdani et a!., 1985; El-Kassaby et al., 1987; Shea, 1987; Burdon et aL, 1988) . The only other example of an outcrosser having a higher adult fixation index that we are aware of involves Eucalyptus delegatus (Moran and Brown, 1980) . The pattern in Phlox may reflect differences in outcrossing rates between years as has been reported in other species (Moran and Brown, 1980; Cheliak et aL, 1985) . A lower outcrossing rate would yield a higher fixation index. The pattern also may reflect homozygate advantage. The substantial heterozygote deficiency in P. drummondii populations reported here and in an earlier study (Levin, 1977) is much greater than expected even if modest inbreeding is taken into account. Finally, if seeds produced by a given plant are full-sibs rather than half-sibs as is assumed in the mixed-mating model or have a genetic correlation greater than 025, the determination of the maternal genotype by likelihood ratio may be biased, and yield a higher fixation index than would otherwise be the case Clegg, 1984, 1986) . Our results indicate that the pollen pool used by females was homogeneous. Accordingly the genetic correlation among progeny of single maternal plants is not likely to be substantially greater than 025. However, it is possible that in the previous generation the genetic correlation among progeny of single seed parents was greater than in the present generation.
In conclusion, density-dependent outcrossing is likely to be the norm in self-incompatible species whose populations have genetic substructure. It also is likely to be the norm in self-compatible species. Density-dependent outcrossing will be most apparent in local areas where other factors affecting the mating system vary little. Interpopulation differences in density undoubtedly explain some of the variation in outcrossing rates among populations which has been reported for many species.
